Proline has important roles in multiple biological processes such as cellular bioenergetics, cell growth, oxidative and osmotic stress response, protein folding and stability, and redox signaling. The proline catabolic pathway, which forms glutamate, enables organisms to utilize proline as a carbon, nitrogen, and energy source. FAD-dependent proline dehydrogenase (PRODH) and NAD þ -dependent glutamate semialdehyde dehydrogenase (GSALDH) convert proline to glutamate in two sequential oxidative steps. Depletion of PRODH and GSALDH in humans leads to hyperprolinemia, which is associated with mental disorders such as schizophrenia. Also, some pathogens require proline catabolism for virulence. A unique aspect of proline catabolism is the multifunctional proline utilization A (PutA) enzyme found in Gramnegative bacteria. PutA is a large (>1000 residues) bifunctional enzyme that combines PRODH and GSALDH activities into one polypeptide chain. In addition, some PutAs function as a DNA-binding transcriptional repressor of proline utilization genes. This review describes several attributes of PutA that make it a remarkable flavoenzyme: (1) diversity of oligomeric state and quaternary structure; (2) substrate channeling and enzyme hysteresis; (3) DNA-binding activity and transcriptional repressor function; and (4) flavin redox dependent changes in subcellular location and function in response to proline (functional switching).
7.
Hysteresis in the PutA substrate-channeling step . 
Introduction
Proline is catabolized to glutamate in two enzymatic steps (Fig. 1A) . The flavoenzyme proline dehydrogenase (PRODH) catalyzes the 2-electron oxidation of proline with the concomitant reduction of a flavin cofactor, which is typically FAD (reductive-half reaction). This reaction is coupled to the reduction of the second substrate found in the membrane (e.g., ubiquinone), which in turn re-oxidizes the reduced flavin, enabling another round of catalysis (oxidative-half reaction). The product of the PRODH reaction, D 1 -pyrroline-5-carboxylate (P5C), undergoes non-enzymatic hydrolysis to acyclic L-glutamate-g-semialdehyde, (GSAL). Finally, GSAL is converted to glutamate by GSAL dehydrogenase (GSALDH) via an NAD þ -dependent 2-electron oxidation reaction.
Inborn deficits in PRODH and GSALDH in humans lead to hyperprolinemia I [1, 2] and II [3, 4] , respectively. Deficiencies in PRODH are associated with schizophrenia and related neurological disorders [1,5e7] . In this regard, elevated proline levels in Prodh À/À mice were found to inhibit glutamate decarboxylase, resulting in lower production of g-aminobutyric acid (GABA) and lower GABAergic transmissions [8] . PRODH also has an important role in the metabolic changes associated with cancer [9e12] . Recently, downregulation of PRODH, either by small molecule inhibition or knockdown, was shown to significantly reduce breast tumor cell growth in spheroid cultures and metastasis in mouse models of breast cancer [12] . PRODH activity helps drive ATP synthesis due to coupling of proline oxidation with reduction of ubiquinone in the mitochondrial electron transport chain [12e14] . Proline catabolism also drives production of reactive oxygen species, which has been shown to induce apoptosis in mammalian cells [9, 15, 16] and prolong life span of Caenorhabditis elegans [17] . The formation of hydrogen peroxide as a by-product of proline oxidative catabolism appears to be a feature of proline metabolism that is conserved in bacteria, plants, and animals [18e20] .
Curiously, in certain Gram-negative bacteria, the PRODH and GSALDH activities are combined into a single polypeptide, known as proline utilization A (PutA) [21] . PutAs enable bacteria to utilize proline as a source of carbon and nitrogen when grown under poor nutrient conditions [21] . The utilization of proline by PutA contributes to the pathophysiology of Gram-negative pathogens such as Helicobacter pylori [22, 23] and Ehrlichia chaffeensis [24] . These pathogens invade host microenvironments that are abundant in proline. H. pylori resides in the upper gastrointestinal tract where proline levels have been estimated to be 10-fold higher in infected patients relative to control patients [25] . Additionally, PutAs are excellent systems for fundamental studies of substrate channeling and redox-linked allosteric activation of protein function (aka, functional switching) [26e28] . Herein we review the structures, functions, and molecular mechanisms of PutAs, emphasizing the attributes that make PutA unique among flavin-dependent dehydrogenases.
Classification of PutAs
PutAs are classified according to a combination of domain architecture (Fig. 1B ) and sequence similarity (Fig. 1C ) [29] . Three domain architectures are known (types A, B, and C). Architecture type A PutAs are about 1000 residues long and have a minimal domain set consisting of N-terminal PRODH and C-terminal GSALDH modules. The type B PutAs have an additional 100e200 residue C-terminal domain, which was recently shown to be a structural domain having the aldehyde dehydrogenase superfamily (ALDHSF) fold [29, 30] . Type C PutAs contain both the C-terminal ALDHSF domain and an N-terminal ribbon-helix-helix (RHH) DNAbinding domain, the latter endowing these PutAs with transcriptional repressor functionality. Alignment of PutA protein sequences yield a phylogenetic tree with three main branches (branch 1, 2 or 3) (Fig. 1C) . Combining the domain architecture information with sequence similarity yields a unified classification scheme consisting of five PutA classes designated by the branch number of the tree followed by the domain architecture type: 1A, 1B, 1C, 2A, and 3B [29] (Table 1) .
3. Three-dimensional structure of PutA 3.1. The fold and oligomeric states of type A PutA Type A PutAs were the first family members to be characterized by high-resolution crystallography ( Table 2 ). The structure of the class 1A PutA from Bradyrhizobium japonicum (BjPutA, 999 residues) was reported in 2010 [31] . A few years later, several structures of the 2A PutA from Geobacter sulfurreducens (GsPutA, 1004 residues) appeared [32] . The GsPutA catalog includes complexes of the oxidized enzyme with proline analogs, structures of the enzyme in the 2-electron FAD reduced state, and a structure with the model electron acceptor menadione bisulfite (MB) bound in the PRODH active site. Also, the structure of another class 2A PutA was reported recently (PutA from Bdellovibrio bacteriovorus, BbPutA) [33] .
Type A enzymes have the same basic fold consisting of seven domains e arm, a domain, PRODH (ba) 8 -barrel catalytic domain, linker, Rossmann NAD þ -binding domain, GSALDH catalytic domain, and oligomerization domain ( Fig. 2A) . Despite the low global sequence identity (27%), BjPutA and GsPutA exhibit high overall structural similarity, with a root mean square deviation of 2.0 Å for 800 residues. The root mean square deviation between the class 2A PutA structures (GsPutA and BbPutA) is only 1.1 Å, as expected for two proteins with high sequence identity (47%). The PRODH active site is located in a (ba) 8 barrel, which binds FAD. The GSALDH module features a Rossmann dinucleotide-binding domain and an a/b catalytic domain bearing a conserved nucleophilic cysteine. The GSALDH module is typical for ALDHSF enzymes. The oligomerization domain also is typical of ALDHSF enzymes and mediates the classic ALDHSF mode of domain-swapped dimerization in type A PutA (described below). The structural basis for substrate channeling is evident in the protein fold. The two active sites are separated by a linear distance of 45 Å and connected by a curved tunnel that traverses 65 Å and ranges in radius from 1.5 Å near the active sites to 4.5 Å in the middle section ( Fig. 2A) . The tunnel is predominantly hydrophilic, which is consistent with P5C/GSAL having polar and charged functional groups. Presumably the tunnel of the resting enzyme contains water molecules. Some of these are observed as ordered water molecules in electron density maps. However, the tunnel also has substantial space that has been left unmodeled in the PutA structures, suggesting the tunnel contains mobile water molecules that emulate bulk water. Several conserved residues appear on both ends of the tunnel near the two active sites. In particular, a Glu-Arg ion pair (Glu149-Arg421 in GsPutA) is universal to all PutA PRODH domains (and monofunctional PRODHs [34] ), and its gating activity is thought to be critical to control proline substrate binding and P5C release [32] .
The tunnel of BjPutA was explored with tunnel-blocking mutagenesis, in which bulky side chains are installed at various positions lining the tunnel [35] . These studies showed that even small reductions in the tunnel radius impede channeling, suggesting the width of the tunnel closely matches the size of the channeled intermediate. An implication is that there is not enough room for the intermediate to rotate during transit from the PRODH to the GSALDH active site. This suggests the intermediate likely enters the tunnel at the PRODH end with a specific orientation that facilitates proper substrate binding at the GSALDH end. Phylogenetic tree based on a global sequence alignment of PutAs. Architecture types A, B, and C are indicated by black, blue, and red font, respectively. The PutAs for which crystal structures have been determined are noted in large font. The alignment was calculated with Clustal Omega [91] and visualized with DrawTree [92] . This figure was adapted from Korasick et al. [29] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Type A PutAs form domain swapped-dimers mediated by an oligomerization domain (Fig. 3 ). This type of dimer is characteristic of the ALDHSF. The oligomerization domain is a bipartite flap-like substructure consisting of a b-hairpin protruding from the GSALDH Rossmann NAD þ -binding domain and the C-terminal~25 residues of the polypeptide chain ( Fig. 2A) . In the dimer, the oligomerization domain of one protomer forms an intermolecular bsheet interaction with the GSALDH catalytic domain of the opposite protomer.
Domain-swapped dimerization in type A PutA plays a very important functional role. The b-flap of the oligomerization domain of one protomer covers the wide middle section of the substratechanneling tunnel of the opposite protomer. Without this lid, the intermediate would have a higher probability of dissociating from the enzyme. Thus, dimerization enables substrate-channeling in type A PutAs. This is a good example of how quaternary structure contributes directly to a step in the kinetic mechanism of an enzyme. Interestingly, in BjPutA, two of the domains-swapped dimers assemble into a ring-shaped tetramer (Fig. 3) . No other PutA studied to date forms this tetramer, so its functional significance is a matter of speculation. Recently, Korasick and coworkers showed that engineered dimeric forms of BjPutA retain full catalytic activity, suggesting that tetramerization is not essential for in vitro activity [33] . Whether the tetramer is needed for in vivo function remains to be studied.
The structures of type B PutA reveal the fold and functions Cterminal ALDHSF domain
Structures of type B PutAs from Sinorhizobium meliloti (SmPutA) [30] and Corynebacterium freiburgense (CfPutA) [29] confirmed the conservation of the PutA fold and revealed the structure and functions of the C-terminal ALDHSF domain. Type B PutAs have 6 of the 7 domains seen in type A PutAs, plus the C-terminal domain, which is not found in type A PutAs (Fig. 2B) . Type B PutAs lack the oligomerization domain of type A PutA, which results in a different mode of oligomerization (described below). The similarity between type A and type B PutAs can be quantified using the using the secondary-structure matching (SSM) algorithm via the PDBeFold server [36] . The rmsd between the type A structures and SmPutA is 1.7 Å covering 980 residues. This suggests that SmPutA contains the majority of the type A PutA fold within it. In fact,~77% of the secondary structural elements in type A PutA are also in SmPutA. The type A structures are less similar to class 3B PutA CfPutA, with rmsd of 2.1e2.7 Å covering~700 residues. A peculiarity of the CfPutA structure is that the a-domain, as well as part of the PRODH domain that binds proline, are disordered in the crystal. As a result, the PRODH active site exhibits an atypically open conformation in which the isoalloxazine is more exposed than in other PutA structures. Because of these unusual features, the CfPutA structure may represent an inactive form of the enzyme that exists prior to hysteretic activation [29] . Hysteresis in PutA is described below. Nevertheless, CfPutA contains 69% of the secondary structural elements found in type A PutA structures. In summary, the type A PutA fold is conserved in type B PutAs, except for the oligomerization domain, which is absent in type B PutA.
The structural similarity between type A and type B PutA also extends to the substrate-channeling tunnel. In type B PutA, the two actives sites are separated by approximately 40 Å and connected by a tunnel that has the same dimensions as in type A PutAs. Thus, the structures imply a conserved mechanism of substrate channeling.
Type B PutA contains an additional C-terminal domain not found in type A PutA (Fig. 1B) . The C-terminal domain spans about 200 residues and consists of an a/b sub-domain fused to a b-flap [29, 30] . Curiously, the a/b sub-domain resembles the Rossmann fold found in all ALDHs, including the GSALDH module of PutA.
Furthermore, the b-flap of the C-terminal domain resembles the a Radius of gyration from the crystal structure or SAXS. 
oligomerization flap found in other ALDHs, including type A PutA. Because of these similarities, the C-terminal domain is referred to as the "C-terminal ALDHSF domain". See Luo et al. for a detailed discussion of the striking structural homology between the PutA Cterminal domain and ALDHSF enzymes [30] . Because of structural homology between the C-terminal domain and ALDHSF enzymes, type B PutAs have two Rossmann fold domains, one in the GSALDH module (Rossmann 1) and another in the C-terminal domain (Rossmann 2) (Fig. 2B ). This is unexpected, since the reaction catalyzed uses only one NAD þ per round of catalysis.
Structural studies have shown that the C-terminal ALDHSF domain does not bind NAD þ [29, 30] . As discussed by Luo et al. [30] , the surface where one would expect NAD þ to dock to the C-terminal domain is unlike a bona fide Rossmann NAD þ -binding domain. In particular, the narrow groove expected for the adenine has been converted to a wide, flat valley, and side chains and loops invade the space where the nicotinamide riboside and adenine ribose groups would bind. These variations prevent NAD þ from binding to the C-terminal ALDHSF domain.
The C-terminal ALDHSF domain contains a b-flap substructure. It is a bipartite element consisting of a b-hairpin protruding from the Rossmann 2 sub-domain and~25 residues of the C-terminal polypeptide chain ( aspect of PutA structural homology [30] .
Recently, Korasick and coworkers used domain-deletion analysis to probe the function of the C-terminal ALDHSF domain in CfPutA [29] . Deletion of the C-terminal ALDHSF domain abrogates GSALDH activity, which supports the hypothesis proposed by Luo et al. [30, 37] that the b-flap of the C-terminal domain stabilizes the aldehyde binding site. Somewhat surprisingly, deletion of the Cterminal ALDHSF domain also greatly diminished the PRODH activity of CfPutA [29] . This result can be rationalized by noticing that the b-flap of the C-terminal domain makes extensive contacts with the PRODH barrel. Apparently, these contacts are necessary for stabilizing the active conformation of the PRODH active site.
The novel dimerization of type B PutA
Because of the C-terminal ALDHSF domain, type B PutAs have different quaternary structures compared to type A PutAs. SAXS studies of the type B PutA from Rhodobacter capsulatus (RcPutA) indicated a monomeric protein in solution [37] . SAXS analysis of SmPutA showed the enzyme forms a concentration-dependent monomer-dimer equilibrium [30] . Combining the SAXS data and crystal structures allowed elucidation of the dimer structure (Fig. 3 ). The C-terminal ALDHSF domain features prominently in the dimer interface of 1800 Å 2 , where the C-terminal ALDHSF domain of one protomer packs against several a-helices of the catalytic modules. Notably, the b-flap of the C-terminal domain is not involved in dimerization, which is paradoxical given the structural similarity of the flap to the oligomerization domain of type A PutA. Studies of CfPutA have revealed a more complex mechanism of self-association behavior whereby ligand binding to the active site enhances oligomerization [29] . Initial sedimentation velocity experiments performed in the absence of active site ligands suggested a strictly monomeric protein, even at the high concentration of 6 mg/ml (50 mM). We note that SmPutA is~50% dimeric at this concentration. However, in the presence of the proline analog Ltetrahydro-2-furoic acid (THFA) and NAD þ , a higher molecular mass species appeared in the distribution curves from sedimentation velocity. The second species corresponds to a dimer, and its concentration increases with increasing protein concentration. These results suggest the oligomeric state of CfPutA in solution is influenced by both the occupancy of the proline substrate site and protein concentration. The preliminary interpretation of these results is that type B PutA may adhere to the morpheein model of enzyme hysteresis [38, 39] , in which substrate binding induces conformational changes that promote assembly of a high-activity oligomer. Additional research is needed to determine whether this phenomenon is idiosyncratic to CfPutA or conserved by PutAs that contain the C-terminal ALDHSF domain. Furthermore, studies are needed to determine whether ligand-linked oligomerization regulates the catalytic activity of PutA, as expected for a morpheein-type enzyme.
The structure of type C PutA
Although a crystal structure of type C PutA is not available, much is known about the structure at low resolution from small-angle Xray scattering (SAXS), biochemical studies, and analogy with type B PutA (Fig. 4) . Much of this work has been done on the archetypal 1C PutA from Escherichia coli (EcPutA, 1320 residues). Amino acid sequence alignment of EcPutA and the 1B SmPutA indicates 60% identity over~1200 residues. The region of sequence similarity spans the entire SmPutA sequence and includes all but residues 1e85 of EcPutA. This result suggests that the SmPutA structure is a good model for the catalytic part of EcPutA. Also, the crystal structure of the isolated ribbon-helix-helix (RHH) domain has been determined [40, 41] . Thus, the main challenges of type C structural biology are to determine the structure of the RHH-arm linker, the tertiary structural interactions formed by the RHH and RHH-arm linker, and the quaternary structure. We next summarize the current models of EcPutA.
Type C PutAs have a quaternary structure not seen in other PutAs, which reflects its unique transcriptional repressor function. SAXS showed that EcPutA forms an elongated V-shaped dimer with radius of gyration (R g ) of 63 Å and dimensions of 205 Â 85 Â 55 Å [42] . Domain deletion analysis and SAXS rigid body modeling show the RHH domain mediates dimerization at the centroid of the particle, and the catalytic modules (residues 85e1320) reside in the large outer lobes. Obviously, the lack of an RHH domain precludes this mode of dimerization in types A and B PutAs.
We note the structure of the C-terminal domain and its tertiary structural interactions with other PutA domains were not known at the time we made the EcPutA SAXS model [42] . Here we present a more complete model with the DNA-binding domain dimer (PDB 2GPE) and residues 87e1320 built by combining the crystal structure of an EcPutA PRODH domain construct (PutA86-630, PDB code 4O8A [43] ) with a homology model based on the SmPutA structure (PDB code 5KF6) generated with SWISS-MODEL [44] (Fig. 4) .
The catalytic mechanism of the PRODH module of PutA
The PRODH module of PutA contains an FAD cofactor that couples the oxidation of proline (reductive half-reaction) to the reduction of ubiquinone in the membrane (oxidative half-reaction) [45] . The reductive half-reaction involves proline binding, flavin reduction, isomerization, and product dissociation [46] . The oxidative mechanism includes the binding of ubiquinone to reduced PutA, oxidation of the reduced flavin, and an isomerization step to regenerate the native conformation [46] .
Early kinetic analysis of the class 1C PutA from Salmonella typhimurium suggested a ping-pong mechanism for the PRODH activity [47] . A ping-pong mechanism for the PRODH activity of the class 1C EcPutA was also demonstrated with dead-end inhibition using L-proline and ubiquinone analogs [45] . The steady-state kinetic assays including product inhibition with P5C show that EcPutA PRODH follows a two-site ping-pong mechanism, similar to that observed with other flavin-dependent oxidoreductases [45] . Later, stopped-flow kinetic measurements supported the mechanism by examining the microscopic steps in the reductive and oxidative half-reactions [46] . The rate-limiting step was found to be in the oxidative half-reaction involving oxidation of the flavin by quinone [46] . Moreover, isomerization steps were observed in both half-reactions and were proposed to represent different conformers generated by changes in the redox state of the flavin [46] . The isomerization steps are proposed to be required for functional switching of EcPutA (discussed in "Functional switching" below) [46, 48] .
The catalytic mechanism of the GSALDH module of PutA
The fold and catalytic mechanism of the GSALDH module are representative of ALDHSF enzymes. In both PutAs and monofunctional GSALDHs, NAD þ binds to the Rossmann fold domain in an extended conformation that positions the nicotinamide near the catalytic Cys residue of the GSALDH catalytic domain [3, 30, 31, 49] . This is the canonical binding mode for Rossmann fold enzymes [50, 51] . Structures of GSALDHs complexed with the product glutamate imply that GSAL binds with its a-carboxylate and amino group interacting with a conserved loop known as the "anchor loop". The importance of the anchor loop has been investigated in monofunctional GSALDH [3, 49] . The carbonyl O atom of the aldehyde group of GSAL binds in the oxyanion hole, which consists of two hydrogen bond donors -a conserved Asn side chain and the backbone of the catalytic Cys. The catalytic Cys residue, anchor loop, and oxyanion hole Asn residue are present in all PutAs and GSALDHs.
The accepted mechanism of ALDHs begins with nucleophilic attack by the catalytic Cys on the aldehyde of the substrate, producing a tetrahedral hemithioacetal intermediate (Fig. 5A) The kinetic mechanism of the GSALDH module has been investigated in detail for EcPutA [52] . Global analysis of steadystate and single-turnover data are consistent with an ordered ternary mechanism in which the chemical step is rate limiting (Fig. 5B) . Note that the chemical step of the ordered ternary mechanism (Fig. 5B ) includes steps 1e3 of the catalytic cycle (Fig. 5A) , so the kinetic data do not specify whether it is nucleophilic attack at the aldehyde, hydride transfer to NAD þ , or hydrolysis of the acyl-enzyme that limits the overall rate. Product inhibition by glutamate was not observed with glutamate at concentrations up to 50 mM. Also, proline was found to inhibit the GSALDH reaction (K I ¼ 80 mM).
Substrate channeling in PutA

Introduction to substrate channeling
PutA is an atypical flavoenzyme in that it is bifunctional and exhibits substrate channeling. Here the term "bifunctional" refers to an enzyme that catalyzes two different reactions using two distinct, spatially separated active sites. Substrate channeling is a process by which a metabolite (or intermediate) is transferred from one enzyme active site to another without freely diffusing into the surrounding bulk solvent [53] .
Although unusual, other substrate-channeling bifunctional flavoenzymes are known (Table 3) . For example, the ammoniachanneling amidotransferase glutamate synthase (GltS) catalyzes the conversion of L-glutamine and 2-oxoglutarate into two molecules of L-glutamate [54] . Ammonia generated from the hydrolysis of glutamine to glutamate in the amidotransferase domain is channeled 32 Å to the FMN-binding domain, where it is added to 2-oxoglutarate to generate 2-iminoglutarate, followed by flavindependent reduction of 2-iminoglutarate to glutamate. Another example is dimethylglycine oxidase (DMGO), a bifunctional enzyme that has flavin oxidase and methylene transferase active sites separated by 40 Å [55] . The metabolic logic of channeling in DMGO is likely the protection of the unstable iminium intermediate [56] . Also, prokaryotes have bifunctional FAD biosynthetic enzymes that use flavins as substrates in sequential riboflavin kinase and FAD synthetase reactions [57, 58] .
Potential physiological advantages of channeling include control of metabolic flux, protection of reactive and/or toxic intermediates, increased catalytic efficiency, and decreased diffusion of intermediates away from the catalytic sites [53] . Channeling may be particularly important for shuttling intermediates along a particular pathway in cases where substrates are present at concentrations lower than their cognate enzymes [53] . The primary advantages of substrate channeling in proline catabolism are thought to be protection of the reactive imine/aldehyde intermediate and the isolation of these intermediates from competing pathways of proline and arginine biosynthesis [27] .
Why some bacteria have PutA rather than monofunctional PRODH and GSALDH is an open question. We note that the absence of PutA does not imply the absence of channeling. For example, the monofunctional PRODH and GSALDH enzymes from Thermus thermophilus have been shown to interact and channel the intermediate in vitro [59] . Thus, substrate channeling in proline catabolism may be widespread in life. If so, PutA may simply represent a refinement of a conserved metabolic strategy. Ultimately, answering such questions requires in vivo studies of substrate channeling. For example, it should be possible to study the effects of channeling in vivo with mutant forms of PutA that are defective in channeling but retain the individual catalytic activities. These studies are ongoing in our labs. Channeling mechanisms include direct transfer through an internal tunnel, electrostatic channeling along the protein surface, and proximity effects [53, 60, 61] . The buried tunnel observed in all PutA structures clearly implies a direct substrate-channeling mechanism. The consistency of the protein fold and tunnel dimensions across four PutA classes (1A, 1B, 2A, 3B) implies a conserved substrate-channeling mechanism.
Steady-state kinetic evidence for substrate channeling in PutAs
Steady-state transient time analysis is commonly used to monitor channeling in PutA. Transient time analysis measures the progress curve of the time-dependent NADH formation in a coupled PRODH-GSALDH assay containing PutA, proline, an artificial electron acceptor (e.g. coenzyme Q 1 ), and NAD þ . The basis for this test is that the progress curve for uncoupled (non-channeling) PRODH and GSALDH enzymes can be simulated once the kinetic constants for the individual PRODH and GSALDH activities are known [52] . The coupled assay is then performed under conditions where the theoretical progress curve for the uncoupled enzymes has a substantial lag (typically a few minutes). Substrate channeling is indicated if the measured lag is substantially shorter than the predicted one for the uncoupled enzymes.
Trapping of the intermediate is also used to monitor substrate channeling in PutA. P5C is conveniently trapped with o-aminobenzaldehyde (o-AB) producing a dihydroquinazolinium compound. Like transient time analysis, trapping is done within the context of the coupled assay containing PutA, proline, an artificial electron acceptor, and NAD þ . The control experiment is an identical assay performed without NAD þ , which provides a measure of the maximum possible release of P5C into the bulk medium. The results are typically expressed as the percent of P5C trapped relative to the control.
Steady-state kinetics data are consistent with substrate channeling for all PutAs studied to date, including BjPutA [31] , GsPutA [32] , SmPutA [30] , RcPutA [37] , CfPutA [29] , EcPutA [52] , and a chimeric PutA consisting of the RHH domain of EcPutA fused to RcPutA [62] . Transient time analysis data collected on BjPutA are typical for PutAs (Fig. 6A) . Whereas the predicted transient time for the uncoupled system is 9 min, the observed progress curve shows no discernible lag in the production of NADH. Similarly, P5C trapping is consistent with substrate channeling. BjPutA provides a representative example. Under the assay conditions, 70% of P5C generated in the PRODH site is channeled (Fig. 6B) [31] . A value of 50% was obtained for CfPutA [29] .
A system for directly testing transient time known as "mixed variants transient time analysis" was developed for PutAs [63] . Instead of referencing the results to a theoretical progress curve for the uncoupled system, an experimental non-channeling control was generated using site-directed mutagenesis. Two PutA mutant variants are required. One is deficient in PRODH activity, and the other lacks GSALDH activity. An equimolar mixture of the two variants is the non-channeling control. The coupled assay of the mixed variants of BjPutA exhibits a lag time of 7 min (Fig. 6A) . Mixed variant transient time analysis has also been performed with EcPutA [52] .
Hysteresis in the PutA substrate-channeling step
The kinetic evidence for hysteresis in EcPutA
The complete kinetic mechanism has been worked out for EcPutA using global fitting of steady-state kinetic data, rapid reaction kinetic data, and ligand binding data [52] . The coupled PRODH-GSALDH activity of EcPutA is best described by a mechanism that includes a substrate channeling step linking the formation of P5C in the PRODH site to the binding of GSAL in the GSALDH site (Fig. 7A) . Surprisingly, the microscopic rate constant for the PRODH-GSALDH coupled reaction from single turnover studies (0.037 s À1 ) was 20 times lower than the corresponding steady-state k cat (0.73 s À1 ).
This result contradicts the expectation that each forward obligatory first order step in the mechanism should have a rate constant higher than the steady-state k cat . These results suggested the rate constant for the substrate channeling step increases with subsequent turnovers of the enzyme, implying that substrate channeling is an activated process, also known as hysteresis. Hysteresis in EcPutA was explored by measuring the channeling rate constant as a function of the number of turnovers [52] . The channeling rate constant increases from 0.037 s À1 in the first turnover, to 0.40 s À1 after 5 turnovers and 0.90 s À1 after 25 turnovers. The number of turnovers required to achieve one-half of the steady-state rate constant is 15 turnovers (Fig. 7B) . Equivalently, after 135 turnovers, the rate constant is 90% of the steady-state value. Simulation of the time-dependent activation of EcPutA channeling estimates the time required to activate half of the total enzyme population is t 1/2 ¼ 22.9 s, which is very close to the time required to reach steady state of the NADH progress curve (transient time~23.5 s) (Fig. 7C ). The similarity of these two time scales suggests the observed lag in the steady-state progress curve is a reflection of the physical process that underlies the activation of substrate channeling. The current hypotheses about the physical basis for activation of channeling are discussed below.
The concept of enzyme hysteresis
Hysteresis refers to enzymes that respond slowly to a change in substrate concentration, resulting in a non-linear reaction progress curves [64] . This is possible, for example, when an isomerization process is rate-limiting. When conformational changes are slow relative to the measurement of the reaction rate, the change may lead to an enzyme form with different kinetic properties and cause a lag in the activation of the total enzyme population. Thus, hysteretic behavior is a time-dependent effect that relates to the kinetic aspect of the chemical reaction and isolates the ratelimiting step in the conversion of one form of free enzyme or enzyme-substrate complex to a kinetically different form. The most convenient way to monitor a hysteretic behavior is to measure the time-dependent production of a product by continuous measurement of absorbance or fluorescence changes. This is commonly called a transient-time assay and the progress curve can be used to extrapolate from a linear phase and derive a lag time [64] . Enzyme hysteresis has been described in other complex mechanisms, including allosteric behavior arising from multiple substrate binding sites, and enzyme oligomerization. The physiological basis of hysteresis has been proposed to attenuate initial enzyme responses to metabolite fluctuations, thus allowing enzymes to reach maximum activity only under conditions of sustained metabolic changes [65] . A more detailed review about hysteretic enzymes can be found elsewhere [64] .
Hypotheses about basis of enzyme hysteresis in PutA
EcPutA displays a slow hysteretic process for the overall coupled PRODH-GSALDH reaction reaching a steady-state k cat of 0.73 s À1 after several turnovers [52] . Proline substrate binding is in rapid equilibrium with EcPutA and product release is not rate limiting for the overall reaction [52] . Also, there is no evidence of hysteresis in the individual PRODH and GSALDH catalytic reactions, therefore the underlying cause of hysteresis is likely associated with a substrate channeling step and the cavity connecting the active sites. We proposed two possible mechanisms for the observed hysteresis in EcPutA [52] . One mechanism is that the filling of the cavity with the intermediate P5C/GSAL prepares a fully activated channeling state of the enzyme and enhances transport of the intermediate between the active sites. This mechanism may involve expelling some of the water molecules that occupy the tunnel of the resting enzyme, and thus "flushing" the tunnel may contribute to hysteresis. The other mechanism involves optimization of the cavity leading to increased P5C hydrolysis and channeling activity.
The molecular basis of remodeling the cavity for enhanced substrate channeling is unclear, but crystal structures of the EcPutA PRODH domain [63, 66] and full-length GsPutA [32] show that the conformations of the flavin and the flavoenzyme active site are sensitive to the redox state of the flavin and the occupancy of the proline binding site. Reduction induces butterfly bending of the isoalloxazine ring and conformational change of the ribityl chain of the FAD. Further, substantial conformational changes associated with proline binding have been inferred from the crystal structure of GsPutA complexed with the proline analog THFA. The resting PRODH active site with oxidized FAD is open, and the binding of proline induces formation of a conserved ion pair and shifting of helix a8 (Fig. 8) . These changes close the PRODH site and seal it from the substrateechanneling tunnel. The ion pair breaks again after the FAD is reduced and P5C is formed, permitting P5C to enter the tunnel. Another possibility is that conformational changes outside of the PRODH active site seal ancillary tunnels, reducing leakage of the intermediate. This possibility has been suggested for GsPutA as Asp321 rotates to block an ancillary exit tunnel in response to reduction of the FAD [32] .
Hysteresis in other substrate channeling enzymes
Substrate channeling occurs in many other enzymes [56,57,67e69 ], but whether the channeling step is hysteretic remains to be determined. Interestingly, a few channeling systems show possible indicators of hysteretic channeling (Table 4) . For example, a multienzyme synthase involved in a five-step synthesis of aromatic amino acids in the shikimate pathway exhibits a minute-long transient time persisting in the overall reaction [70] . When compared to a non-channeling system, the observation of the reduced transient time motivates a hypothesis that the change of the substrate concentration activates the multienzyme activity. Other examples of potentially hysteretic bifunctional enzymes that have been studied theoretically and experimentally are enzymes dihydrofolate reductase-thymidylate synthase and citrate synthase-malate dehydrogenase fusion protein [71] . Also, a trifunctional protein synthesizing 5,6-dihydroorotate has shown a transient time for the third reaction, however, it is not known whether the hysteretic behavior originates from substrate channeling [72] .
PutA is a flavin switch protein
The flavin redox state has been shown to mediate protein interactions with other effector proteins, membranes, and nucleic acids, thereby regulating diverse biological processes such as metabolism, biosynthesis and cell survival. Proteins in which the flavin redox state controls the functional output of a protein are known as "flavin switch" proteins [28] . Flavin switch proteins respond to redox changes via hydrogen-binding and electrostatic interactions that link the flavin active site to the surface of the protein or nearby domains [28] .
The mechanistic details of flavin switch proteins that respond to light sensing, changes in cellular redox conditions and intracellular substrate concentrations have been reviewed extensively [28] . Examples of flavin switch proteins that are well characterized include the light-oxygen-voltage (LOV) domain protein family and NifL from nitrogen fixing bacteria [28] . Another example is the flavoenzyme quinone reductase (NQO) which catalyzes the twoelectron reduction of ubiquinone and stabilizes the p53 tumor suppressor against proteasomal degradation in humans [73] . The modulation of the proteasome has also been shown in a yeast homolog quinone reductase Lot6p, which binds to the 20S proteasome and forms a ternary complex with transcriptional factor Yap4p [74, 75] . When binding to a specific inhibitor, the reduction of FAD leads to global changes in the NQO2 structure and stabilization of the active site in an alternate conformation [76] , and the conformational switch is consistent with the observation of NQO1 in the redox-dependent regulation of p53 [77] .
The enzymatic and transcriptional regulatory functions of trifunctional PutAs (type C) such as EcPutA are determined by the flavin redox state and its subcellular localization (Fig. 9) . When the flavin cofactor is oxidized, EcPutA is cytosolic and functions as a transcriptional repressor of the put regulon via the N-terminal RHH domain. Reduction of the flavin by proline causes EcPutA to associate with the cytoplasmic membrane thereby enabling EcPutA to catalyze the proline:ubiquinone oxidoreductase reaction. The functional switching of PutA between transcriptional repressor and membrane-bound enzyme functions is dependent on intracellular proline levels, the redox state of the flavin cofactor, and conformational changes associated with reduction of the flavin [48] .
The transcriptional repressor role of PutA
In S. typhimurium and E. coli, PutA is a primary regulator of the put regulon, which comprises the putA and putP genes that encode for the flavoenzyme PutA and the Na þ -proline transporter PutP, respectively [78, 79] (Fig. 9) . PutA acts as an autogenous transcriptional repressor of the put regulon in the absence of proline by binding to the promoter region between the putA and putP genes [41] . When high concentrations of proline are available, PutA is released from the put regulon by proline reduction of the FAD cofactor and becomes strongly associated with the inner bacterial membrane, which contains quinone electron acceptors allowing PutA to complete the PRODH catalytic cycle [45] .
The enzymatic and transport functions of the put genes are conserved among Gram-negative bacteria, but the genetic organization and regulatory mechanisms vary [80, 81] . In Gram-negative bacteria in which the putA and putP genes are transcribed divergently from the same intergenic region, trifunctional PutA acts a transcriptional repressor [41] . Gel-shift assays using different fragments of the E. coli put control DNA identified a consensus GTTGCA PutA binding site, which is found in other Gram-negative bacteria that share the same genetic arrangement of the putA/P genes as that of E. coli [41] . In E. coli, five binding sites are in the putA/P intergenic region. In addition to regulation by PutA, the putA/P genes are also subject to general catabolite and nitrogen regulation with high glucose repressing transcription of the putA/P genes [41] .
Previous crystallographic research showed the DNA binding domain of E. coli PutA [40] consists of a dimeric assembly of two ribbon-helix-helix (RHH) folds e a b-strand followed by two helices that upon dimerization forms an intermolecular b-sheet. In the structure of the E. coli RHH-DNA complex, the intermolecular bsheet inserts into the major groove of the DNA with a conserved triad of b-strand residues Thr5, Gly7 and Lys9 interacting with DNA bases [41] . The RHH-DNA binding footprint was found to extend beyond the GTTGCA sequence to a 9-bp GGTTGCACC sequence [41] . Lys9 was shown to hydrogen bond to the palindromic GG/CC cap for optimal binding affinity [41] . Sequence variability in the region flanking the consensus GTTGCA binding site (i.e., lack of a GG/CC cap) is proposed to attenuate binding of PutA to the different sites in the put control DNA region of E. coli [41] . Consistent with this, the binding affinity of E. coli RHH to an oligomer with the GGTTGCACC sequence was shown to be 15-fold higher than to an oligomer that lacks the GG/CC cap (AGTTGCAAC) [41] . Other important binding interactions include RHH residues Thr28, Pro29, and His30 to the DNA backbone [41] . The overall binding of the RHH domain is entropy-driven indicating that desolvation of the PutA-DNA complex is important for DNA binding [41] .
PutA is an unusual flavoenzyme as we are not aware of other flavoenzymes that also function as a DNA-binding transcriptional repressor. An example of another enzyme with transcriptional repressor activity, however, is RbkR, which controls riboflavin biosynthesis and metabolism in archaea. RbkR catalyzes the phosphorylation of riboflavin and very recently has been biochemically and structurally characterized [67] . The major difference between RbkR and PutA is that RbkR is not a flavoenzyme but uses riboflavin as a substrate, therefore it is a novel flavin metabolitesensing transcriptional repressor. The RbkR regulon consists of the rbkR gene, riboflavin biosynthesis genes and vitamin uptake transporters. The autorepression of RbkR is stimulated by the substrate CTP and is repressed by FMN, the product of riboflavin kinase. The crystal structure reveals that RbkR is arranged as a homodimer in association with DNA through a N-terminal helixturn-helix DNA binding domain, followed by a riboflavin kinase domain. Fig. 9 . Model of PutA functional switching. In the absence of proline, PutA represses expression the put operon by binding to operator sites located between the genes for PutA and the proline transporter PutP. In the presence of an activating concentration of proline, PutA associates with the inner membrane, where it couples proline oxidation with the reduction of ubiquinone in the electron transport chain.
What is known about how PutA associates with membranes?
Bifunctional PutAs must interact with the membrane to couple electron transfer from proline to quinone electron acceptors in the membrane, thus completing the proline:ubiquinone oxidoreductase catalytic cycle. Structures of PutA in complex with a quinone analog and detergent molecules have provided insights into the quinone binding site and potential membrane interactions of PutAs [32] . Singh and coworkers captured an inactivated reduced form of GsPutA bound to the quinone analog, menadione bisulfite (MB). They used an approach of generating a stable form of the reduced enzyme using the mechanism-based inhibitor, N-propargylglycine (NPPG), to obtain a 1.95 Å resolution structure of reduced PutA with MB [32] . The structure revealed MB bound at the si face of the flavin isoalloxazine consistent with direct electron transfer from reduced flavin to quinone.
Clues into how PutA associates with the membrane were provided from a structure of GsPutA bound by a detergent molecule (Zwittergent 3e12, N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate) [32] . The hydrocarbon tail of the detergent molecule binds to a hydrophobic patch in the a-domain of GsPutA, indicating that the a-domain has a role in PutA-membrane associations [32, 48] . This possibility is consistent with earlier proteolysis and fluorescence quenching experiments which identified a large conformational change in the a-domain upon proline reduction of the flavin [48, 82] . Thus far, redox dependent changes in the a-domain have not been observed by X-ray crystallography, however, this region is highly disordered in oxidized and reduced forms of PutAs suggesting significant conformational flexibility [43, 66] . If the a-domain is critical for PutA-membrane binding, then according to a dimeric SAXS model of EcPutA, membrane-and DNAbinding likely involve the same interface. This model would be consistent with Maloy's hypothesis that membrane and DNAbinding are mutually exclusive [83] and that PutA-membrane binding is essential for not only catalytic activity but also cloaking the DNA-binding domain [42] .
Evidence for the C-terminal ALDHSF domain of PutA being important for membrane binding has also been reported. Deletion of the C-terminal 26 residues of EcPutA generated a superrepressor PutA mutant that was devoid of membrane binding, suggesting the C-terminus contains critical membrane binding residues [84] . Further studies are needed to understand how the adomain and C-terminal ALDHSF domains of PutA coordinate functional membrane binding.
The functional switching mechanism of PutA
The mechanism whereby PutA switches from a DNA-binding protein to a membrane-bound flavoenzyme is mediated by a proline-induced conformational change that is hypothesized to initiate at the flavin and traverse through the surrounding protein [85] . A proline-dependent conformational change is supported in part by limited proteolysis data that show proline reduction of the flavin induces a global conformational change involving the adomain of EcPutA [48] . The three-dimensional structure of a fulllength type C PutA is not yet known but molecular details for how flavin redox signals are transmitted out of the PRODH active site have emerged from other structures. Structures of a dithionitereduced crystal of the E. coli PRODH domain and the E. coli PRODH domain inactivated with NPPG, which generates a covalently stable reduced state, have revealed significant conformational differences between the oxidized and reduced forms of the flavin cofactor (Fig. 10) [34, 43, 63, 66] . For example, the oxidized FAD is planar, whereas the reduced FAD cofactor adopts a highly nonplanar conformation with a butterfly bending angle of 22 around the N(5)-N(10) axis of the isoalloxazine ring [66] . Reduction of the FAD also induces a crankshaft rotation of the ribityl chain, which alters the hydrogen bonding interactions of the ribityl hydroxyl groups (Fig. 10) . Furthermore, reduction of the flavin disrupts an interaction network linking the FAD N(5), Arg431, and Asp370 [63, 66] . A consequence of this disruption is that Asp370 rotates away from Arg431 and towards Glu372 on the b3-a3 loop of the PRODH domain [63] (Fig. 10) .
The importance of some of these interactions in functional switching has been substantiated with biochemical studies. For example, site-directed mutagenesis implicated the linkage between the FAD N(5) and Glu372 as being critical for functional switching of EcPutA [66, 85] . Mutation of Arg431 or substitution of normal FAD with 5-deazaFAD, which lacks N(5), blocks EcPutA membrane binding [66] . Substitution of Asp370 or Glu372 with Ala also prevents EcPutA switching from a transcriptional repressor to a membrane-bound enzyme [85] . Although proline reduces the mutants Asp370Ala and Glu372Ala similarly to that of wild-type EcPutA, the mutants are unable to bind the membrane.
The above changes in the flavin active site have been shown to be necessary for redox-dependent PutA-membrane binding and accordingly must be transmitted out of the flavin active site to uncloak the EcPutA membrane domain(s) [48, 66, 82, 85] . Kinetic studies using tryptophan fluorescence showed that the prolinedependent conformational change is much slower than FAD reduction [82] , and is therefore not thought to be part of the catalytic cycle but rather is an isomerization step in the regulatory mechanism that directs PutA to the membrane [46] . Once the protein is membrane-bound, the conformational change is no longer necessary during subsequent turnovers allowing EcPutA to efficiently couple oxidation of proline to reduction of ubiquinone in the membrane (Fig. 9) [46] . As mentioned above, the C-terminal 26 residues of EcPutA are essential for membrane binding [84] . Surprisingly, RcPutA, a bifunctional class 1B PutA, also displays some aspects of switching, such as proline-induced membrane binding [62] . Thus, the C-terminal ALDHSF domain of RcPutA is not only essential for coupling PRODH/GSALDH activities and facilitating substrate channeling, but also enables RcPutA to toggle between soluble and membrane bound forms [37, 62] . The physiological importance of this for type B PutAs is not apparent, but it seems possible that some essential elements of functional switching are "hard-wired" in the PRODH and C-terminal ALDHSF domains of type B and C PutAs. Accordingly, in type A PutAs, which lack the Cterminal ALDHSF domain, membrane-binding is independent of proline [86] .
Summary and concluding remarks
PutAs are bacterial bifunctional enzymes that combine PRODH and GSALDH activities into a single polypeptide chain. Some PutAs additionally function as transcriptional repressors of the put operon. These trifunctional PutAs are flavin switch proteins that change subcellular location and function in response to flavin reduction, allowing bacteria to adapt to the concentration of proline in the environment.
The PutA family exhibits an interesting diversity in oligomeric state and quaternary structure. The various shapes of PutA are different evolutionary solutions to the problem of sequestering a reactive metabolite (P5C/GSAL). PutA oligomeric structure is correlated with domain architecture and function. Domain architecture type A PutAs function as domain-swapped dimers in which the oligomerization flap of one protomer enables substrate channeling in the other protomer. Type B PutAs form a different kind of dimer in which the C-terminal ALDHSF domain enables substrate channeling via tertiary structural interactions that mimic the quaternary structural interactions of type A PutAs. Additionally, type B PutAs are the only PutAs that can function as monomers. Type C PutAs dimerize via their DNA-binding domain, which reflects their transcriptional repressor function. In summary, oligomeric structure is intimately related to function in PutAs.
The consistency of the protein fold and tunnel dimensions in PutAs implies a conserved substrate-channeling mechanism. Furthermore, the observation of substrate channeling in PutA implies that in organisms where PRODH and GSALDH are encoded by different genes, the monofunctional enzymes interact and channel the intermediate. This hypothesis has been validated for the monofunctional enzymes form Thermus thermophilus [59] . Because human proline catabolic enzymes play multiple roles in health and disease, studying of the interaction between human PRODH and GSALDH is a major uncharted area of research.
PutA is an example of a hysteretic enzyme, whereby the substrate channeling step becomes activated with subsequent turnovers of the enzyme. This area of PutA biochemistry is relatively unstudied, so many outstanding questions about this phenomenon remain. For example, the underlying structural basis for hysteresis is unknown. The prevailing hypothesis is that activation involves conformational changes that seal leaky parts of tunnel system. Another issue is whether hysteresis also occurs in types A and B PutAs. Finally, the biological advantages of hysteresis remain to be determined.
Class 1C PutAs are remarkable trifunctional flavin switch proteins that change subcellular localization and function in response to environmental proline levels. Outstanding challenges in this area include determining the membrane-association surface of PutA and characterizing the redox-linked conformational changes that drive membrane association. Also, 1C PutA is the only class of PutA for which a crystal structure is lacking. Solving its structure would be a significant step forward in understanding the basis for activation of substrate channeling and redox-dependent functional switching. 
